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Abstract 

With using the carbon nano-tube (CNT) of high chemical activity, nano-TiQ particles with different growth shapes 
were synthesized through the self-propagating high temperature in the 80 wt.% metal (Cu, Al, and Fe)-Ti-CNT 
systems. The growth shapes of the TiC x particles are mainly octahedron in the Cu- and AI-Ti-CNT systems, while 
mainly cube- and sphere-like in the Fe-Ti-CNT system. 
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Introduction 

As known, some ceramic particles, such as titanium car- 
bide (TiCJ, are usually used as the reinforcing phases in 
the composites due to their unique properties such as 
high melting point, extreme hardness, and high resistance 
to corrosion and oxidation. Recently, many experimental 
and theoretical studies have indicated that decreasing the 
sizes of the reinforcing ceramic particulates can lead to 
substantial improvements in mechanical performance of 
the composites [1-11]. For example, Ma et al. [11] showed 
that the tensile strength of 1 vol.% Si 3 N 4 (10 nm)/Al com- 
posite is comparable to that of the 15 vol.% SiC p (3.5 urn)/ 
Al composite, and the yield strength of the former is 
much higher than that of the latter. Then, with signifi- 
cantly increasing intention to develop nanoparticle-rein- 
forced composites with superior mechanical properties, 
the demand for nano-sized ceramic powders, including 
TiQ., has become more urgent. 

Among the variety of the preparation methods for 
TiCt, self-propagating high-temperature synthesis (SHS) 
is noted by us because it is a convenient and efficient 
way to synthesize TiC*. However, the SHS is quite chal- 
lenging to produce the nano-sized ceramic particles 
because the combustion temperature will lead to consid- 
erable coarsening of the ceramic particles. At present, 
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the usual method for synthesizing the nano-ceramic par- 
ticles through the SHS is the addition of volatile diluents 
such as NaCl into the reactants. Some nano-ceramic 
particles such as TiB 2 and ZrB 2 have been prepared by 
adding NaCl to the SHS reactants [12-14], and the 
nano-TiC x particles (20 to 100 nm) were also obtained 
by Nersisyan et al. [15] in the 30 wt.% NaCl-Ti-carbon 
black system. 

On the other hand, the addition of a second metal (Me) 
such as Al, Cu, and Fe can also decrease the combustion 
temperature and thus prevent the ceramic particles from 
further growth. For example, with the increase in the Al 
incorporation from 10 to 40 wt.%, the sizes of the TiQ 
particles decrease from about 3 um to 400 nm [16]. How- 
ever, when more Me (>50 wt.%) is incorporated, the SHS 
reaction tends to be incomplete or even cannot be ignited. 
Generally, this situation can be improved through using 
finer C-source particles because they can enlarge the area 
of the contact surface between the liquid and the carbon 
source and decrease the activation energy of the SHS reac- 
tion. At present, the source of C that are mostly used dur- 
ing the SHS are graphite (typically 1 to 150 um) and C 
black (< 100 nm). In contrast to them, carbon nano-tube 
(CNT) has much finer size, usually 5 to 20 nm in dia- 
meter. In fact, CNT has been used to synthesize the 
nanostructured TiC-TiB 2 [17] and carbide nanofibers [18] 
during the SHS. 

In this paper, taking advantage of high chemical activ- 
ity of the CNT, we tried to prepare the nano-sized TiC x 
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particles during the SHS in the Me (Cu, Al, and Fe)-Ti- 
CNT systems with the high contents of the Me incor- 
poration. The morphologies of the TiC* particles formed 
in these systems were investigated, and the mechanism 
for the difference in their morphology was discussed. 

Experimental methods 

The raw materials utilized were multi-walled carbon nano- 
tubes (20 to 30 nm in diameter and approximately 30 urn 
in length, purity > 95 wt.%, Chengdu Organic Chemicals 
Co. Ltd., Chinese Academy of Sciences, Chengdu, China), 
Ti powders (> 99.5% purity, approximately 48 um, Insti- 
tute of Nonferrous Metals, Beijing, China), Al powders 
(> 99.0% purity, approximately 48 um, Northeast Light 
Alloy Ltd. Co., Harbin, China), Cu powders (> 99.5% pur- 
ity, approximately 48 um, Institute of Nonferrous Metals, 
Beijing, China) and Fe powders (> 99.5% purity, approxi- 
mately 48 um, Institute of Nonferrous Metals, Beijing, 
China). The Ti and CNT powders with a molar ratio of 
1:1 were mixed with the Me (Cu, Al, and Fe) powders in 
relative quantities of 50, 60, 70, and 80 wt.%, respectively. 
The reactants were mixed sufficiently by ball milling at a 
low speed (approximately 35 rpm) for 6 h and then 
pressed into the cylindrical compacts of approximately 
22 mm in diameter and approximately 15 mm in height 
with green densities of approximately 60 ± 2% of theoreti- 
cal. The SHS experiments were conducted in a self-made 
vacuum vessel in an Ar atmosphere using an arc as igni- 
tion source. During the SHS process, the temperature in 
the position about 3 mm beneath the center of the com- 
pact top surface was measured by W5-Re26 thermocou- 
ples, and the signals were recorded and processed by a 
data acquisition system using an acquisition speed of 
50 ms per point. 

The phase compositions in the reacted samples were 
identified by X-ray diffraction (XRD, Rigaku D/Max 
2500PC, Rigaku Corporation, Tokyo, Japan) with CuKa 
radiation using a scanning speed of 47min. The reacted 
Cu-Ti-CNT samples were then dissolved in a saturated 
FeCl 3 water solution, and the reacted Al- and Fe-Ti-CNT 
samples were dissolved in an 18 vol.% HCl-distilled water 
solution, to remove the Me coatings on the surfaces of 
the TiC x particles. The morphologies of the extracted 
Tic* particles were observed using a field emission scan- 
ning electron microscope (FESEM, JSM 6700F, JEOL, 
Tokyo, Japan) and a transmission electron microscope 
(TEM, JSM 200EX, JEOL). 

Results and discussion 

In the Me-Ti-C systems, the Me-Ti liquid forms firstly 
during the heating. The carbon then diffuses into the 
Me-Ti liquid, and when a critical concentration is 
achieved, the TiC* begins to form by reaction between 
[C] and [Ti]. Accordingly, the diffusion of carbon in the 



molten metals is a key step to form TiQ., and thus differ- 
ent carbon sources, i.e., graphite and C black, have great 
effects on the product morphology and the reaction rate 
of [Ti] and [C] to form TiQ.. Generally speaking, the car- 
bon source with finer sizes will make the combustion 
reaction proceed more thoroughly. For example, when C 
black was used as the carbon source in 50 wt.% Al-Ti-C 
system, the content of the intermediate phase Al 3 Ti 
decreases greatly than that of the graphite being used as 
the carbon source (Figure la). In contrast to the graphite 
and C black, carbon nano-tube (CNT) has much finer 
sizes. Furthermore, the defects such as pentagons, hepta- 
gons and vacancies in the structure of the CNT endow it 
with more chemical activity [19,20]. Therefore, the CNT 
will dissolve more rapidly in the liquid Me to provide dis- 
sociated [C], which promotes the SHS reaction. This 
speculation was proved as there is no Al 3 Ti formed in 
the 50 wt.% Al-Ti-CNT system. Actually, only when the 
Al content was increased to 80 wt.% in the Al-Ti-CNT 
system, a little amount of Al 3 Ti formed. In Cu- and Fe- 
Ti-CNT systems, within the range of 50 to 80 wt.% for 
the Me content, no Al 3 Ti is formed. 

As known, according to Merzhanov's empirical criter- 
ion, for the reaction to be self-sustaining in the absence 
of preheat, the adiabatic temperature (T ad ) should not be 
less than 1,800 K, corresponding to the maximum addi- 
tion of 67.12 wt.% Cu, 46.65 wt.% Al [16], and 77.4 wt.% 
Fe [21] in the Me-Ti-C systems, respectively. However, in 
our experiments, because of the high activity of the CNT, 
the samples with 70 wt.% Al and 80 wt.% Cu and Fe can 
be ignited easily. Figure lb shows the variation in the 
maximum combustion temperature with the Me content. 
Clearly, the maximum combustion temperature in all the 
systems decreases as the Me content increases, and the 
sequence is r Cu _ Ti _ CNT >r Fe _ Ti _ CNT >r A1 _ T i-cNT- The dif- 
ference in the combustion temperature in these systems, 
of course, will have an important influence on the shape 
and size of the synthesized TiQ particles. 

As indicated in Figure 2, with increasing the Me content, 
the TiQ particles formed in the Cu-, A1-, and Fe-Ti-CNT 
systems show a significant decrease in size. In the sample 
with 50 wt.% Cu, the sizes of the TiQ particles are about 
600 nm (Figure 2a), while when the Cu content increases 
to 60, 70, and 80 wt.%, the sizes of the TiQ particles 
decrease to about 400, 100, and 60 nm, respectively 
(Figure 2b, d, f). Accompanying the decrease in the parti- 
cle size, the TiQ particles change their shapes from 
sphere-like to regular octahedron (Figure 2c, e). The same 
growth shape as octahedron can be also observed in the 
TiQ particles formed in the samples with 50, 60, and 
70 wt.% Al (Figure 2g, h, j), of which the particle sizes are 
about 200, 150, and 70 nm, respectively. When the Al con- 
tent is increased to 80 wt.%, the shape of the TiQ particles 
cannot be observed clearly, and the particle size decreases 
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Figure 1 XRD patterns of SHS products and the variation in the maximum combustion temperature (a) XRD patterns of the SHS 
products and (b) the variation in the maximum combustion temperature with the Me content. 
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to about 40 nm (Figure 2k). As we have suggested before, 
in the Al-Ti-C system, the TiC* particles grow through 
the deposition and lateral stacking of the growth units on 
the (111) surfaces [22,23]. In contrast to the growth mode 
of the TiQ. particles in the Al-Ti-CNT system, the TiC x 
particles growing in the Fe-Ti-CNT system have a differ- 
ent growth mode, i.e., the lateral stack along the (100) sur- 
faces (Figure 2m). Under this mode, the TiC x particles 
should grow into the cubic shapes. However, because of 
the round turning of the (100) surfaces, most of the TiC x 
particles in the Fe-Ti-CNT system show the sphere-like 
shapes (Figure 21). When the Fe content increases, the 
sizes of the TiC* particles decrease and the cubic character 
of the TiC* particles becomes more and more distinct 
(Figure 2h). In the sample with 70 wt.% Fe, there are many 
TiC x particles with regular cubic shapes and sizes of about 
200 nm (Figure 2o). Increasing the Fe content to 80 wt.% 
further decreases the sizes of the TiQ. particles to approxi- 
mately 70 nm, with primarily cubic shapes (Figure 2q). 

Figure 3a gives the mean sizes based on the statistic 
analysis of a hundred of TiC x particles in the FESEM 
images for the Me-Ti-CNT systems. The decrease in the 
TiC^ particle sizes with the increase in the Me content 
is easy to understand because of the decreasing combus- 
tion temperature. When the Me content increases to 80 
wt.% for Cu, Al, and Fe, the sizes of the TiQ. particles 
decrease to about 62I 6 °, 36i 8 2 ° n , and 68i 5 4 8 n nm, 



respectively. Furthermore, it can be noticed that in the 
above Me-Ti-CNT systems, the TiC x particles formed in 
the Al-Ti-CNT samples are the finest, which could be 
attributed to the lowest combustion temperatures. 
Nevertheless, the TiC* particles formed in the Fe-Ti- 
CNT samples have the largest sizes even though their 
combustion temperatures are quite lower than those 
formed in the Cu-Ti-CNT samples. This phenomenon is 
meaningful to the discussion in the following paragraphs 
on the mechanism of the TiQ. shape variation with the 
different kinds of the Me addition. Figure 4 gives the 
TEM images of the TiC x particles formed in the samples 
with 80 wt.% Me. The diffraction rings from inner to 
outer in the inserted images in Figure 4a, b, c match the 
(111), (200), and (220) planes of the fee TiC. 

As we have mentioned, the shapes of the TiC* parti- 
cles vary considerably in the different kinds of the Me 
incorporated Ti-CNT systems, i.e., the TiQ particles 
formed in the Cu- and Al-Ti-CNT systems are mainly 
with the octahedral shapes, while those formed in the 
Fe-Ti-CNT system are mainly with the cubic and 
sphere-like shapes. In our pervious paper [23], we have 
suggested that the growth shapes of the TiC x particles 
in the Al-Ti-C system should be directly related to their 
stoichiometry (x), i.e., when the stoichiometry is low, 
the TiC* (111) surfaces are the most stable and the 
growth shape is octahedron, while when the 
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Figure 3 Mean sizes and the size distribution of the TiC„ particles, (a) Mean sizes calculated based on the statistic analysis of a hundred of 
HQ, particles in the FESEM images, (b, c, d) Size distribution of the TiC, particles formed in the samples with 80 wt.% Cu, Al, and Fe, respectively. 
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Figure 4 TEM images of the TiC x particles formed in the Me-Ti-CNT samples (a) 

images show the corresponding diffraction rings. 



80 wt.% Cu, (b) 80 wt.% Al, and (c) 80 wt.% Fe. Inset 



stoichiometry increases, the free energy of the (111) sur- 
faces increases, which leads to the diminishing in the 
(111) surfaces on the TiC x crystals and the exposure of 
the (100) surfaces. According to this speculation, the 
stoichiometry of the TiC x crystals formed in the Cu- 
and Al-Ti-CNT systems should be low and that in the 
Fe-Ti-CNT system should be high. Here, we qualita- 
tively estimate the stoichiometry of the TiC x formed in 
the combustion stage based on the phenomenon that 
the TiC x particles grown in the Fe-Ti-CNT samples are 
the largest while their combustion temperatures are 
relatively low. As known, carbon has good chemical affi- 
nity with Fe. Hence, the carbon atoms could dissolve 
rapidly in the Fe melt, which leads to the formation of 
the C-rich regions near the CNTs at the initial stage of 



the SHS. In these C-rich regions, the TiC x particles 
form and grow rapidly. That is why the sizes of the 
TiC* particles formed in the Fe-Ti-CNT system are gen- 
erally large even though their combustion temperatures 
are quite low. As another consequence of the high C 
concentration, the stoichiometry of these primitively 
formed TiC x particles in the Fe melt is relatively high. 
Then, the (100) surfaces of TiC x are stable and the 
growth shape is cube. For the Cu- and Al-Ti-CNT sys- 
tems, the CNT dissolves more slowly because of the 
poor chemical reactivity between carbon and the Cu (or 
Al) melt as well as very limited solubility of carbon in 
molten Cu and Al. In this case, the TiC* forms and 
grows under a condition of C scarcity. Hence, the TiC x 
particles grown in these two melts are with relatively 
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small sizes, and the TiC x stoichiometry formed at the 
combustion stage is low. Accordingly, the TiC* growth 
shape is octahedron. 

Frankly speaking, spending a great amount of metal 
(Al/Cu/Fe) to only synthesize the TiC x nanoparticles is 
really uneconomical. Nevertheless, considering that the 
TiCj particles reinforced metal matrix composites can be 
fabricated conveniently through following a pressing or 
forging treatment after the SHS [24], the real significance 
of this research is to provide a perspective to in situ 
synthesize the nano-TiC* particle reinforced composites 
more conveniently by using CNT. As known, the fabrica- 
tion of ceramic nanoparticles reinforced metal matrix is 
an important development direction for the development 
of composites, and many papers have been published on 
this issue from 2000. In 99% of these works, the nanopar- 
ticles were introduced into the metal matrix through 
external addition. In these methods, the mixing of nano- 
sized particles in metal liquid is usually lengthy, expen- 
sive, and energy consuming. In fact, in contrast with the 
external addition methods, the method with nanoparti- 
cles in situ synthesis has the advantages of a more homo- 
geneous distribution of the nanoparticles, clearer 
interface between nanoparticles and matrix, and lower 
chances to introduce impurity. However, when metal 
matrix is with high content (>50 wt.%), the TiC* forma- 
tion reaction tends to be incomplete or even cannot be 
ignited by using traditional C sources such as C black or 
graphite. To solve this key question in the SHS, we used 
CNT as the C source in this paper. The results indicate 
that the samples with more than 70 wt.% metals can still 
be ignited easily because of the high activity of the CNT. 
In fact, in our following study, by using CNT as C source, 
we have successfully in situ synthesized the TiC x nano- 
particles in 97 wt.% Cu matrix, and the composite was 
fabricated conveniently by the SHS and a subsequent 
pressing or forging process. Moreover, our results sug- 
gest that other nano-sized transition metal carbides (such 
as SiC, ZrC, and NbC) and the corresponding reinforced 
composites could also be synthesized with using the high 
chemical activity of the CNT. 

Conclusions 

The using of CNT increases the reactivity in the Me 
(Cu, Al, and Fe)-Ti-CNT systems and makes SHS reac- 
tion more easily ignited. The sizes of the synthesized 
TiC* particles decrease with the increase in the Me con- 
tent. When the Me content increases to 80 wt.% for Cu, 
Al, and Fe, the sizes of the TiC x particles decrease to 
about 62+ 6 3 ° 8 , 361 8 2 ° 0 , and 68!_ 5 4 8 0 nm, respectively. The 
shapes of the nano-TiC^ particles formed in the Cu- 
and Al-Ti-CNT systems are mainly octahedral, while 
those formed in the Fe-Ti-CNT system are mainly cubic 



and sphere-like. This shape variation of the TiQ. formed 
in different kinds of the Me liquid environment is 
believed to relate to the different stoichiometries of the 
TiQt formed during the combustion stage in these 
systems. 
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